The proton-motive force (PMF) -the electrochemical gradient of protons across energyconserving membranes -powers protein transport in bacteria, mitochondria and chloroplasts.
Main text Introduction
The transport of proteins across membranes is a ubiquitous feature of cells. In energyconserving membranes -i.e. those where an electrochemical gradient is present -the PMF is generally harnessed to drive this process: this is known to be the case for the Sec and Tat complexes of bacteria [1] [2] [3] [4] and chloroplasts 5, 6 , and the TIM complexes of mitochondria 7, 8 .
Studies using specific ionophores suggest that both the electrical charge difference (∆ψ; knocked out by valinomycin) and the chemical gradient (∆pH; knocked out by nigericin) contribute to protein transport through Sec in bacteria 9 . In mitochondria, import of model substrates seems mostly to depend on ∆ψ 7 , while ∆pH predominates in chloroplasts 6 . Yet, despite these observations having been made decades ago, precisely how the PMF is coupled to protein transport remains a mystery.
In bacteria, most protein transport is achieved by the hetero-trimeric membrane protein complex SecYEG, and the cytosolic motor ATPase SecA. Pre-proteins with a cleavable Nterminal signal sequence (SS) are targeted to the Sec machinery 2,10 , whereupon transport is initiated by intercalation of the secretory precursor into SecY (Fig. 1a ). The mature region of the pre-protein is then transported in an unfolded state through a channel in SecY 11 , followed by SS removal by proteolysis 12 . ATP hydrolysis by SecA and the PMF are both required for efficient secretion to occur 2 : transport can be achieved driven only by ATP 1 , but it is far too slow to account for all the protein that must be secreted by a dividing cell 13, 14 . Part of this PMF effect is thought to be mediated by the ancillary complex SecDF 3 ; however, PMF stimulation also occurs in the absence of SecDF 2, 15 .
Previously, we and others have proposed models for the ATP-driven component of secretion [16] [17] [18] but the mechanism of PMF-stimulated transport has remained elusive. One attractive hypothesis is that negatively charged residues (aspartate and glutamate) experience ∆ψ and are pulled across the membrane electrophoretically 19, 20 (Fig. 1b ). This is supported by the strong inhibitory effect of valinomycin, which selectively knocks out ∆ψ 21 . However, the same effect would equally inhibit transport of positively charged residues (lysines and arginines). And since even transport of positively charged proteins is promoted by the PMF (e.g. Spy, see below), electrophoresis is obviously not the sole factor involved.
Therefore, we set out to test whether basic residues are deprotonated at the entrance of the channel -eliminating their positive charge -and re-protonated as they exit (Fig. 1c) , assisted by the ∆pH. This would serve both (i) to imbue the translocating pre-protein with a net negative charge, aiding the electrophoretic effect attracting it to the positive outside, and (ii) to prevent 'backsliding' of already transported regions, as the channel is known to provide a strong barrier to the movement of positive charges 22, 23 . We then consider this mechanism in the context of other transporters by extending the model to the mitochondrial TIM23 importer.
The results suggest a unified model for PMF-driven protein transport across a range of different membranes.
Results

PMF stimulation is inhibited by pre-protein arginines and low pH
Direct observation of individual, highly transient protonation/deprotonation events in a large, dynamic system is extremely challenging with current technology. However, the model in Fig. 1b -c does make some testable predictions, which we set out to investigate. One of these is that both transport and PMF stimulation should be less effective at lower pH, where deprotonation is disfavoured ( Fig. 2a) . A second prediction is that lysine will be much easier to export than arginine: the amine group of lysine has a solution pKa of ~10, and examples abound of deprotonated lysines (i.e. with low pKas) in protein structures 24 . By contrast, the delocalised charge of the guanidinium group of arginine (pKa ~13.8 25 ) ensures it is likely never deprotonated under physiological conditions 26 . Therefore, we designed a series of highly conservative variants of a standard translocation substrate (proOmpA), differing only in numbers of arginine and lysine, and measured their transport with and without a PMF, at a range of pHs.
From the results, it is immediately apparent that substrates with more lysine export better than those with more arginine (Fig. 2b) -consistent with the proposed model. This is true even in the absence of a PMF: because the channel provides a strong barrier to positive charges (see below); neutralising a positive charge should aid transport irrespective of the presence of ∆ψ or ∆pH. The effect of the pH also supports the model: at pH 6, where all lysine and arginine residues will be fully protonated, the PMF has little or no effect. However, as pH increases above plausible pKa values for lysine 24 -potentially allowing their deprotonationboth PMF stimulation and the Lys/Arg effects are amplified ( Fig. 2b) .
We performed the same experiments on a proOmpA variant with the normal number of lysine and arginine residues (10 and 8, respectively), but their positions swapped. The results confirm that it is indeed the number of lysines, not their position, that influences transport ( Fig. 2b , open markers).
It is particularly worth noting that the substrate with the fewest lysines is barely affected by pH at all (Fig. 2b) . This points to a specific effect on the protonation state of substrate lysines, rather than a general pH-dependent reduction in Sec activity. Indeed, while there are numerous possible reasons why lysine might transport more easily than arginine, or why a transport reaction might be pH-dependent, the correlation between the two is strong evidence specifically for substrate lysine deprotonation.
∆ψ has a direct effect on import kinetics
While the classical import assay above is useful in that it is compatible with low pH, it does not provide much detail on the kinetics of protein import. For subsequent import assays we therefore switched to our newly developed NanoLuc import assay 27 (Fig. 2b ). In this assay, the large fragment of a split luciferase (11S) is tethered inside an inverted membrane vesicle (IMV), while a tight-binding variant of the small fragment (Pep86) is fused to the C-terminus of the pre-protein import substrate. Successful translocation produces a luminescence signal, allowing continuous monitoring of protein import ( Fig. 2c ). Import of proOmpA under these conditions is inhibited by valinomycin (a K + ionophore, which selectively knocks out ∆ψ), but not by nigericin (a K + /H + antiporter, which selectively knocks out ∆pH; Fig. 2d ). Such results have previously been taken to mean that ∆ψ is driving transport 7 . However, this interpretation has two important caveats. Consider the inverted bacterial system, in vitro: firstly, the deprotonation event is dependent on external pH, not ∆pH.
Indeed, if protein import causes the pH inside the vesicle to rise (as predicted by the proton ratchet), then both ∆pH and nigericin would alleviate this and facilitate transport. Secondly, the strength of the PMF in an in vitro system is likely to be much weaker than within a living cell; and while a reduced ∆ψ retains some effect, a diminishingly small ∆pH could be eliminated by the buffering capacity of the system. Therefore, while ∆ψ clearly does promote protein transport, the effects of nigericin on transport should be interpreted cautiously.
The PMF drives transport of lysines in a positively charged pre-protein
Because proOmpA has a net negative charge, its transport would be aided by ∆ψ even in the absence of a proton ratchet. To control for this, and to confirm that the effect is not substrate-specific we created a similar Lys/Arg series for E. coli spheroplast protein Y (Spy), a periplasmic stress response chaperone with a pI of 10.2 (i.e. positively charged at physiological pH). As with proOmpA, increasing the Lys:Arg ratio in proSpy at pH 8 promotes transport, in a strong and approximately linear relationship ( Fig. 3a, Fig. S1a-c) . Also similar to proOmpA, this effect is more pronounced in the presence of a PMF. Indeed, PMF stimulation of Spy transport is only observed when there are lysines present; this is consistent with an absolute requirement for lysine deprotonation in order to couple the PMF to the transport of positively charged proteins.
The PMF mainly affects transport, not the initiation step
While the PMF is generally thought to act at the later stages of import 1 , it has also been proposed to aid SS insertion 28 , i.e. initiation of transport ( Fig. 3b ). To distinguish these possibilities, we created variants of proSpy with only the N-and/or C-terminal half of the mature polypeptide enriched with lysine or arginine. Changes near the N-terminus of the protein (grey in Fig. 3b ) will mainly influence the initiation step, while those closer to the Cterminus (magenta in Fig. 3b ) should be specific to the subsequent transport stages.
Transport results support the notion that the PMF drives transport of the main polypeptide chain rather than simply promoting initiation ( Fig. 3c , Fig. S1d ): while increasing the number of arginine residues slows transport in all sequence contexts, its effect is much more pronounced for the C-terminal half. These data do not rule out the possibility that the PMF also contributes to the early stages of transport; but if it does, lysine deprotonation is unlikely to be an important factor.
The proton ratchet exerts a selection pressure on secreted proteins
If the proton ratchet is indeed important for the mechanism of secretion in vivo, one might expect that Sec substrates experience a selective pressure to replace arginine with lysine, where possible. To investigate this, we compared the Lys/Arg composition of the mature domain of all known E. coli Sec substrates with those that remain in the cytosol. As predicted, secreted proteins have a strong preference for lysine over arginine relative to those in the cytosol (Fig. 4a ). We also looked at Tat substrates -exported independently of Secand found their Lys/Arg ratio appears to fall somewhere between Sec substrates and unsecreted proteins ( Fig. 4a ). This confirms that the Lys/Arg effect is at least in part a product of transport pathway, rather than the extra-cytosolic environment.
Because E. coli only uses Tat to export a very small number of proteins, we carried out the same analysis on a model organism with a large number of annotated Tat substrates (Sinorhizobium meliloti 29 ; Fig. 4b ). The results both confirm the E. coli observations, and show that they hold true across different classes of Gram-negative bacteria. We speculate that this may be relevant to the mechanism of protein export through Tat.
To ensure that this effect is connected to the proton ratcheting model, we carried out the same analysis on an organism with an inverted ∆pH, alkalophilic bacterium Bacillus halodurans 30 . Consistent with the model, lysine is no longer favoured over arginine for secreted proteins -indeed, the reverse appears to be true (Fig. 4c ). The related neutrophilic bacterium Bacillus subtilis, meanwhile, shows the expected increase in lysine for secreted substrates (Fig. 4d ).
Protons are removed from lysine in a pKa 'shifter' zone at the SecY:SecA interface
In order to facilitate the removal of a proton, the local environment at the entrance to the channel must lower the pKa of the lysine to near physiological pH. We investigated this computationally, using the pKa prediction algorithm propKa31 31 to analyse conformational ensembles generated from molecular dynamics simulation. The data clearly show a strongly reduced pKa (to below physiological pH) for lysine residues exactly as they are about to pass through the channel ( Fig. 4e ; Fig. S2a-e ). The effect seems to be independent of the nucleotide occupancy ( Fig. S2a-e ), suggesting that ATP-and PMF-driven transport are independent of one another.
The SecY channel provides a barrier to positive charges
To explore the ease with which protonated (Lys + ) and deprotonated (Lys 0 ) lysine, and arginine pass through SecY, we performed atomistic steered molecular dynamics (MD) simulations, whereby regions of pre-protein containing different residues were pulled through the channel (Fig. 4f ). As expected 22, 23 , the data show that the force required to pull charged residues is higher than non-charged residues. To better quantify this, we used the Martini force field 32, 33 to construct 1D free energy profiles for Lys + and Lys 0 , using potential of mean force calculations ( Fig. 4g, Fig. S2f ) -these reveal a ~10 kJ mol -1 penalty for lysine crossing the channel in a protonated state. Intriguingly, the steered MD simulations suggest that arginine is easier to transport than protonated lysine ( Fig. 5b) , possibly due to the delocalisation of the positive charge of the guanidinium group, as well as the conformational flexibility of the arginine side chain. Given that, empirically, lysine is easier to transport than arginine ( Fig. 2b, Fig. 3a ,c), these results reinforce the notion that lysine does not normally traverse the channel with a positive charge.
The proton ratchet may be reversed for mitochondrial protein import through TIM23
In the case of Sec, ∆pH acts on positive charges and ∆ψ on negative: but this ratcheting mechanism could equally function in the opposite direction, with specific protonation of acidic residues prior to passage across the membrane. A prime candidate for this would be the TIM23 complex, which imports proteins into the acidic and negatively charged mitochondrial matrix. While a structure of the TIM23 complex remains to be determined, and many aspects of its function are unclear, transport is known to use ∆ψ 7 , and the channel through the mitochondrial inner membrane has been shown to be selective against negative charges 34 .
The pKas of the naturally occurring negatively charged amino acids (aspartate and glutamate) are very similar (3.9 and 4.2 respectively), both well within the range where they could be protonated at near neutral pH by a favourable local environment. It is therefore not possible to produce a fixed negative charge by site-directed mutagenesis alone. Instead, we emulated the Lys/Arg effect by labelling a model TIM23 substrate with two artificial carboxylic acids. One of these has a pKa slightly higher than aspartate or glutamate ( Fig. 5a ; iodoacetic acid (IA)), while a single fluorine substitution in the other reduces its pKa by 2 units (Fig. 5a ; iodofluoroacetic acid (IFA)), giving it a highly stable negative charge that cannot easily be neutralised by protonation.
Once again, we exploited our high-resolution protein transport assay to measure mitochondrial import of these substrates. The results show that the lowered pKa of IFA significantly inhibits transport ( Fig. 5b , red vs blue data) -consistent with a proton ratchet mechanism. Interestingly, the chemical addition of a neutralisable negative charge stimulates transport relative to the native cysteine ( Fig. 5b , blue vs black data). This might reflect a beneficial effect of having an easily ratcheted side chain present.
Discussion
It has been known for decades that the PMF is an important driver of protein transport across membranes, but mechanisms have so far proved elusive. Here, we provide evidence for a model in which the electrical and chemical components of the PMF cooperate. In the Sec system of bacteria (and presumably the thylakoid Sec machinery of chloroplasts), lysine residues are deprotonated just prior to passage through SecY, giving the region of pre-protein in the channel a net negative charge and allowing it to be pulled across by ∆ψ. The cytosolic acidification that this would create is countered by ∆pH. For mitochondrial protein import through TIM23, aspartate and glutamate residues are instead protonated in the intermembrane space, allowing ∆ψ to act on positive charges. In both cases, the equilibrium effect of ∆pH can also be performed by the K + /H + antiporter nigericin -so in this context, the use of nigericin is not a faithful diagnostic of ∆pH-dependence.
Because the deprotonation effect is responsive to pH changes close to physiological pH ( Fig. 2b, Fig. 4e ), pre-proteins will have an asymmetric charge distribution when ∆pH is present: regions on the outside (i.e. those already transported) will be more positively charged than those on the inside. Coupled with the impermeability of the channel to positive charges 22, 23 (Fig. 4f -g), this will produce a proton ratchet ( Fig. 1c ) provided the pre-protein is allowed to diffuse in the channel, as we and others have previously proposed 16, 17 . Therefore, we conclude that ∆pH contributes to PMF stimulation both kinetically (by ratcheting) and to the equilibrium, by providing a counterflow of protons.
When a proton is removed from the pre-protein at the cytosolic face of SecY it must be dispersed rapidly, or a sudden the drop in local pH would immediately reprotonate the lysine. We have recently identified two specific binding sites for cardiolipin (CL) near to the pKa-perturbed area, which are required for PMF stimulation of transport 35 (Fig. S3 ). CL is thought to buffer pH locally 36 , and simulations suggest that it is bound and released from SecYEG-SecA on the µs timescale 35 . Therefore, it seems plausible that protons extracted from lysine are transferred to CL for rapid dissipation (Fig. 6 , 'Sec system'). Presumably, the transport pathway shields the pre-protein from direct contact with bulk solvent, ensuring that lysine residues are not reprotonated until they reach the periplasm.
Interestingly, CL has also been shown to bind to TIM44 -part of the TIM23 complex 37 -and indeed other transporters of charged molecules like the ammonia transporter AmtB 38 (see below). The ATP synthase also associates with CL, at the proton transporting FO membrane sector 39 . Perhaps the proton shuttling abilities of CL are key to the energy coupling functions throughout biology.
The proton ratchet concept elegantly couples both complementary components of the PMF to transport (∆ψ and ∆pH), so it seems reasonable that it might be more widely applicable for the transport of ionisable molecules across energised membranes. A search through the literature identifies several PMF-driven transport processes in which specific substrate protonation or deprotonation events are already implicated (Fig. 6 ). Both formate 40 (and other carboxylates) and ammonia 41 transporters have been shown to neutralise their substrates for passage across the membrane. The anthrax protective antigen pore, meanwhile, exploits the internal acidification of endosomes to protonate glutamate and aspartate residues in its substrate 42 . However it seems likely that more examples remain to be discovered: the unique, potentially pKa-modulating chemical environment is an often overlooked feature of ligand binding sites.
Methods
Materials
Transport reaction components were produced as described previously 27 . To make inverted membrane vesicles (IMVs) at different pHs, a standard protocol was followed 35 coli strain BL21(DE3), which produces a PMF in the presence of ATP, or HB1(DE3), which lack ATP synthase, and therefore does not 43 .
Genes encoding translocation substrates were purchased from GeneArt (Thermo Fisher Scientific), cloned between the NcoI and HindIII sites of pBAD/Myc-HisC, then expressed and purified as described 35 . A complete list of protein sequences is shown in Table   S1 .
Transport assays
Transport assays of proOmpA with inhibitors ( Fig. 2c) were performed in a 1 ml cuvette using a split-luciferase-based method, as described in ref 27 (see Fig. 2B for an overview). Import of full length proOmpA tagged with Pep86 into BL21-derived IMVs containing 11S was followed in real time in the presence of: no inhibitor (a PMF is produced from ATP by the F-ATPase); 2 µM nigericin (which selectively knocks out ∆pH); 1 µM valinomycin (which selectively knocks out ∆ψ); or both (no PMF). Inhibitors were added in DMSO to 1% final, which has no effect on transport kinetics (Fig. 2c ).
Because NanoLuc is sensitive to pH, transport assays at different pHs ( Fig. 2a) were performed using the classical western blotting method, as described previously 35 , with reactions pre-treated with DMSO (+PMF) or 2 µM nigericin and 1 µM valinomycin in DMSO (-PMF). Note that we tried quenching transport with and without 500 mM urea, and observed that, while urea reduces the background signal, it has no effect on measured transport. The results were therefore merged to produce the final data set.
For the transport of the proSpy Lys/Arg series (Fig. 3a) , assays were conducted at pH 8.0 in a 96-well plate with a plate reader (Synergy Neo2, Biotek), as described 27 at the manufacturer's recommended concentration (1/100). From the raw traces, the time required for transport to reach 50% completion was determined (t50%), and its reciprocal used as a measure of transport rate (kapp; see Fig. 2d ). Fig. 3c were designed by dividing the mature region of proSpy into two halves, the first comprising residues 24-92 ('N-terminus', containing 7 lysines and 5 arginines) and the second residues 93-161 ('C-terminus', containing 10 lysines and 3 arginines). A series of mutants were then designed where each half was either kept with its native sequence (WT), higher Lys/Arg ratio, or lower Lys/Arg ratio. Tranport assays were conducted with BL21-derived IMVs exactly as for the proSpy Lys/Arg series.
The proSpy variants in
Bioinformatics
The complete proteomes of E. coli (strain K12) and S. meliloti (strain 1021) were 
Modelling of an engaged pre-protein in the SecA-SecYEG complex
Initial coordinates for SecA-SecYEG were taken from chains A, C, D and E of PDB 3DIN 45 , with the ADP-BeFx molecule replaced with ATP 46 . Simulations were run over 1 µs in a POPC membrane as in ref 16 . Taking a 1 µs snapshot as a fully equilibrated starting model, a region of pre-protein 76 residues long was built in an extended configuration through the SecA-SecYEG complex, as described previously 47 . Briefly, the pre-protein was modelled in an extended configuration through a channel going through both SecYEG and SecA, contacting previously identified crosslinking sites in both 47, 48 . The N-terminal SS was modelled as a helix and sited in the SecY lateral gate a per cryo-EM density 48 .
The SecYEG-SecA-pOA models with either an ATP or ADP molecule bound (giving two different channel conformations 16 ) were then embedded in a POPC membrane, solvated with explicit waters and ions to 0.15 M, and subjected to 1 µs MD simulation. Simulations were carried out as previously described 16 , using the OPLS-AA force field 49 , in Gromacs 5.0.4 50 .
pKa scanning pipeline
To ascertain the pKa of charged residues as they traverse the SecA-SecYEG complex, we constructed a computational pipeline. For 20 different structural snapshots over the final 500 ns of the SecYEG-SecA-pOA simulations, each of the 76 residues in the pre-protein were substituted to a titratable residue in turn, using Scwrl4 51 ; 3,000 individual structures per residue type), before pKa analysis using the propKa31 program 31 .
Linear response approximation (LRA) pKa calculations
Using the speed of the above pathway to identify likely regions of pre-protein with perturbed pKa values, we then selected 4 residues (postions 27, 45, 49, 51 along the preprotein) sampling different environments within the channel for a more detailed analysis. Post 1 µs MD snapshots were taken of the SecA-SecYEG-pOA.ATP complex, and lysines were introduced in either a protonated or deprotonated state at each of the positions. MD simulations were run for ~100 ns using the charmm36 force field 52 , and 50 structural snapshots were taken over the final 50 ns. These were analysed using propKa31, with a subset analysed using complementary continuum electrostatics calculations with the MEAD 53 and PETIT 54, 55 softwares. Here, a dielectric constant of 80 was used for the solvent and 6 for the protein and membrane. A three-step focusing procedure was used for the protein/membrane system with the first grid formed by 251 points, each spaced 1.0 Å, a second grid composed of 81 points, each 0.5 Å apart and the third formed by 81 points, each spaced 0.25 Å. Proton isomerism was included as tautomers for the neutral forms of the titratable sites, as described elsewhere [54] [55] [56] . The calculations were done at 310 K with an ionic strength of 0.15 M, a molecular surface defined with a solvent probe radius of 1.4 Å, and a Stern (ion exclusion) layer of 2.0 Å. Each Monte Carlo run consisted in 10 3 equilibration steps followed by 10 5 production steps. In both cases, pKa values were determined for each residue position using the linear response approximation (LRA [57] [58] [59] ).
Steered MD
1 µs snapshots were taken from simulations of a pre-protein engaged SecA-SecYE complex, modelled based on PDB 5eul 60 ; see ref 18 for details of the modelling. Two preprotein residues near the cytoplasmic face of SecY were then substituted to either lysine, arginine, glutamate or tryptophan using Scwrl4 51 . Next, 9 independent steered MD simulations were run for each pre-protein, where the substrate was pulled from the substituted residues in a z-axis direction (up through the channel) at a rate of 0.5 nm.ns -1 , using a maximum force constant of 1000 kJ.mol -1 .nm -1 . Simulations were run in the NPT ensemble, as described previously 18 .
For each repeat, the force was measured while the substituted residues were in contact with the central pore, with contact taken as 0.3 nm or less.
Construction of 1D free energy profiles
To provide a more detailed view of the energetic cost of transporting protonated lysine, we constructed free energy profiles of protonated and deprotonated lysine residues through the channel, using the Martini 2.2 force field 32, 33 . Following conversion to Martini, elastic bonds of 1000 kJ mol -1 were applied between all backbone beads within 1 nm. Electrostatics were described using the reaction field method, with a cut-off of 1.1 nm using a potential shift modifier, and van der Waals interactions were shifted from 0.9-1.2 nm. Simulations were run in the NPT ensemble, with V-rescale temperature coupling at 323 K and semi-isotropic Parrinello-Rahman pressure coupling.
We used steered MD to construct a 1D reaction coordinate for an Ala-Lys-Ala peptide Construction of the 1D free-energy profile was achieved for the last 150 ns of each window using the weighted histogram analysis method, implemented in the gmx wham program 61 .
Convergence was determined through analysis histogram overlap (Fig. S2f) .
Mitochondrial import experiments
The model mitochondrial import substrate B2 #$%&'( ))* -Pep86 was expressed and purified as described previously 27 
